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 Abstract: The uranium sorption from chloride-containing productive solutions using 
anion-exchange resins was investigated. The vinyl pyridine anion exchanger (VPAE) had 
the highest values of the sorption capacity, which for the experiment in the static mode 
was 13 kg U m–3, and for the experiment in the dynamic mode, it was equal to 36 kg U m–3. 
The use of VPAE makes it possible for uranium recovery from productive solutions with 
an increased content of chloride without sacrificing the productivity of the sorption plant. 
The process of saturated resins regeneration by various reagents was investigated. The use 
of ammonium nitrate solution with sulfuric acid ensured maximum value of uranium 
recovery from the saturated resin phase (76–97%). 
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■ INTRODUCTION 
Nuclear power is the only real source of energy 
today. Wherein, reactors for a long time will remain at its 
base. A uranium serves as raw material for reactors. 
Therefore, a steadily growing demand for uranium is 
expected in the long term. According to the basic scenario 
for the development of the world nuclear power industry, 
the reactor demand for uranium will increase from the 
current 73 to 86–88 thousand tons per year by 2030 [1-3]. 
During this period, the supply from secondary sources 
will decrease by more than three times, and the main 
growth should be ensured by the primary mining of 
natural uranium, which has no alternative on this 
horizon. Uranium recovery should increase from the 
current 62 to 80 thousand tons by 2030, that is, by almost 
30%. Moreover, uranium mining at existing mines will be 
reduced by 20%, and the planned new mines will only be 
able to compensate for the outgoing capacity. Since 2024, 
the demand for uranium will exceed supply and the deficit 
will be more than 18 thousand tons by 2030, and under 
the aggressive scenario of development of nuclear energy 
will reach 48 thousand tons [1-6]. 
Russia is among the countries where the main 
increase in nuclear power capacities is observed and 
nuclear power is actively developing. In the next 10 years 
in Russia, the capacity of nuclear power plants and 
energy production is expected to be almost doubled [5-
7]. Therefore, in order to provide Russia's nuclear power 
with the necessary volume of uranium, projects are 
being developed for the exploitation of new deposits. 
Mineral and raw materials base of uranium of the 
Russian Federation is quite large, its reserves are more 
than 700 thousand tons. The main uranium reserves are 
associated with four areas: Streltsovsky, Vitim, 
Transural, and Elkonsky [6-8]. Currently, active 
development of projects for the industrial exploitation of 
new facilities in the Vitim and Transural districts is 
being carried out based on the method of in situ leaching 
(ISL) [6-7,9-11]. However, the rapid development of 
new deposits is hindered by the increased mineralization 
of productive solutions. In the course of geological 
prospecting and experimental work, it was found that an 
increased content of chloride ions (up to 0.25 M Cl–) is 
observed in productive solutions (ISL solutions) during 
the processing of new objects by the method of in situ 
leaching. The presence of chloride ions suppresses the 
uranium recovery by anion exchangers [12-14]. The 
process of uranium sorption by ion exchange resin is the 
basis of a large amount of technological schemes for 
reprocessing productive solutions [15-19]. Therefore, in 
this paper, the processes of uranium sorption from ISL 
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solutions with an increased content of chloride ions by 
using of industrial grade ion exchangers have been 
studied, and various options for the subsequent 
regeneration of saturated resins have been considered. 
The main purpose of the work was to determine the 
conditions of sorption, which ensure a high efficiency of 
uranium recovery into the anion exchanger phase with a 
minimum decrease in sorbent capacity and sorption plant 
efficiency. 
■ EXPERIMENTAL SECTION 
Materials 
Tulsion A-233U (Thermax Ltd, India), Lewatit 
K6367 (Lanxess Deutschland GmbH, Germany), anion 
exchanger with benzyl pyridine functional groups AMP 
(Smoly State Company, Ukraine), Purolite A660/4759 
(Purolite Ltd, the United Kingdom), vinyl pyridine anion 
exchanger VPAE (Russia), sodium chloride, ammonium 
carbonate/bicarbonate mixture (ACBM), ammonium 
nitrate, sulfuric acid, uranium concentrate were used as 
materials in this research. 
Instrumentation 
Optima 2100 DV (Perkin Elmer, USA) was used to 
determine the content of uranium in solutions. The 
automatic shaker IKA KS 3000 i control was applied to 
mix phases in the study of sorption and regeneration 
processes in static mode. The automatic LAMBDA 
OMNICOLL fraction collector, IPC Ismatec peristaltic 
pump and thermostat Huber Compatible Control CC2 
were used for investigation of the sorption and 
regeneration processes in dynamic mode. 
Procedure 
Uranium sorption 
Sorption recovery of uranium was carried out from 
productive solutions prepared by dissolving of 
appropriate samples of uranium concentrate and the 
subsequent addition of sulfuric acid and sodium chloride. 
The capacity of saturated ion exchanger Purolite 
A660/4759 was equal 8–14 kg U m–3. The capacity value 
of VPAE was 25–32 kg U m–3. 
Sorption in static mode. The sorption process was 
carried out in a cylindrical closed vessel with a volume of 
250 mL at room temperature and constant shaking. The 
weight of the resin samples was 50 mg. The loading 
volume of the productive solution containing 30 mg L–1 
U, 0.05 mol L–1 H2SO4 and 0-6 M Cl– was 100 mL. The 
contact time of the phases was 24 hours. At the end of 
the experiment, the anion exchangers were separated by 
filtration, and the solutions were analyzed for uranium 
content by the ICP-AES method. Based on the analysis 
results, the static exchange capacity of anion exchangers 
for uranium was calculated. 
Sorption in dynamic mode. To determine the yield 
curve of the sorption, 5 mL of the swollen anion 
exchanger was loaded into a laboratory vertically located 
column. Productive solutions containing 30 mg L–1 U, 
0.05 mol L–1, and 0.25 M Cl– were filtered continuously 
through a column at a constant rate of 25 mL h–1 using a 
peristaltic pump. The filtrate (the solution leaving the 
column) was collected in fractions of 50–200 mL and 
then was analyzed for uranium content by the ICP-AES 
method. The sorption process was finished after 
equalizing of uranium concentrations in the solution at 
the inlet and outlet of the column. 
Saturated resins regeneration 
The choice of elution parameters was made based 
on an analysis of the industrial experience of the 
exploitation of sorption technologies for the processing 
of uranium in-situ leaching solutions. The process of 
desorption of uranium from saturated anion exchangers 
was carried out in static and dynamic modes using three 
different eluents: solutions of sodium chloride (0.5–6 M), 
solutions of ammonium carbonate/bicarbonate  
(50–180 g L–1) and nitrate-sulfate solutions (20–80 g L–1 
NO3– + 0.1–0.25 mol L–1 H2SO4). The solutions were 
prepared by dissolving of weighed portions of reagents 
in distilled water. 
Regeneration in static mode. The elution process 
was carried out in a cylindrical closed vessel of 250 mL 
volume at room temperature and constant shaking. The 
volume of the saturated anion exchanger samples was 
1.6–1.8 mL. The ratio of the solid and liquid phases was 
1:10. The contact time of the phases was 2 h. At the end 
of the experiment, the ion exchangers were separated by 
filtration, and solutions were analyzed for uranium 
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content by the ICP-AES method. According to the 
analysis, the uranium recovery was calculated. 
Regeneration in dynamic mode. A sample of 
saturated anion exchangers in a volume of 5 mL was 
loaded into a laboratory vertical column. The feeding of 
the eluents was carried out continuously by means of a 
peristaltic pump with a constant rate of 7 mL h–1. 
Fractions of eluent were collected at the outlet of a column 
throughout the regeneration process and then were 
analyzed for uranium content by the ICP-AES method. 
To ensure the maximum recovery of uranium, the elution 
process with ammonium carbonate/bicarbonate solutions 
was carried out in two stages at a temperature of 40–50 °C. 
In the first stage, a solution of ACBM with a concentration 
of 100 g L–1 was used, on the second stage, an ACBM 
concentration was equal to 140 g L–1. The regeneration 
process was carried out in a column with a jacket. 
Increased temperature and a gradual growth in the 
content of ACBM in solution avoids the precipitation of 
ammonium uranyl tricarbonate in the resin phase. 
■ RESULTS AND DISCUSSION 
Uranium Sorption 
Sorption in static mode 
According to the results of the studies presented in 
Table 1, in case of sorption from productive solutions  
(30 mg L–1 U, 0.05 mol L–1 H2SO4) in static mode, the 
uranium capacity increases in the following order of ion 
exchangers: Tulsion A-233U - Lewatit K6367 - AMP - 
Purolite A660/4759 - VPAE. A decrease in the 
capacitance characteristics for uranium of all resins was 
observed during the sorption from productive solutions 
with an increased content of chloride ions (0.25 M Cl–), 
due to the competing Cl–-ions sorption process. For the 
resins, Tulsion A-233U, Lewatit K6367, AMP and 
Purolite A660/4759, the value of static capacity for 
uranium decreased by 2.5–4 times. Under these 
conditions the macroporous ion exchanger VPAE 
showed the best sorption properties, the capacity value 
for uranium for this grade of ion exchanger decreased by 
less than 1.5 times and amounted to 13.2 kg U m–3. High 
capacitance characteristics of VPAE are due to the 
presence of vinyl pyridine groups in the anion 
exchanger, which are highly selective for uranyl ions. 
Choice of the concentration of chloride ions in 
productive solutions (0.25 M) for studies was caused by 
the results of aquifer solutions analysis of a number of 
uranium deposits currently being developed in Russia. 
However, during the exploitation of deposits, the 
accumulation of Cl– in solutions is possible. Therefore, 
to evaluate the effect of the chloride ion content in the 
productive solution on the capacitive characteristics of 
ion exchangers, a series of experiments were performed 
in a static mode using Purolite A660/4759 and VPAE. 
Sorption recovery of uranium was carried out from 
solutions containing 30 mg L–1 U, 0.05 mol L–1 H2SO4 
and 0–6 M Cl–. According to the experimental data 
(Table 2), in the range of Cl– concentrations in the 0-2 M  
Table 1. Sorption capacity values in static mode experiment (kg U m–3) 
Anion Exchanger 
The content of Cl– in productive solutions, M 
- 0.25 
Tulsion A-233U 8.5 2.1 
Lewatit K6367 8.7 2.3 
AMP 13.1 3.2 
Purolite A660/4759 17.2 6.5 
VPAE 18.6 13.2 
Table 2. The effect of the chloride ion content in the productive solution on the capacity of anion exchangers (kg U m–3) 
Anion Exchanger 
The content of Cl– in productive solutions, M 
0 0.25 0.5 1.0 2.0 4.0 6.0 
Purolite A660/4759 19.7 7.1 0.6 0.01 0.4 1.7 4.9 
VPAE 20.5 13.0 0.2 0.1 0.1 0.8 4.5 
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Fig 1. The curves of uranium sorption by anion 
exchangers Purolite A660/4759 and VPAE 
solution, the capacity of the ion exchangers for uranium 
sharply decreases. This is due to the competitive sorption 
of Cl– and an increase in the proportion of uranium in the 
solution bound to the UO2Cl+ complex. 
With a chloride ion content of more than 2–3 M, 
there is a noticeable increase in the sorption of uranium, 
which is due to a change in the form of its presence in 
solution. A significant amount of anionic complex ions of 
uranium UO2Cl3– appears in this case. In addition, the 
share of the neutral complex UO2Cl2 increases, in the 
presence of which sorption proceeds by the reaction of 
addition and of the formation of a more highly 
coordinated complex ion [20]. Complete binding of 
uranium to neutral and anionic chloride complexes does 
not occur (even at 6 M Cl–); therefore, when uranium is 
recovered by anion exchangers from productive solutions 
with a high content of chloride ions in a dynamic mode, 
an appreciable part of uranium will remain in the filtrate. 
Thus, in the case of accumulation of chloride ions in 
productive solutions, it is not possible to carry out 
effective sorption processing using anion exchangers. 
Sorption in dynamic mode 
To study the process of sorption of uranium from 
productive solutions under dynamic conditions, the 
Purolite A660/4759 and VPAE anion exchangers were 
selected because these resins showed the best capacitive 
characteristics for uranium during the sorption 
experiments in static mode. Sorption recovery of 
uranium in a dynamic mode was carried out from 
solutions containing 30 mg L–1 U, 0.05 mol L–1 H2SO4 and 
0.25 M Cl–. Fig. 1 shows the uranium sorption curves for 
Purolite A660/4759 and VPAE anion exchangers. 
According to the data obtained, the use of Purolite 
A660/4759 for the sorption recovery of uranium from 
the productive solutions with an increased content of 
chloride ions is not effective. Saturation of the resin with 
uranium is achieved in 130 h, while the dynamic 
capacity value for uranium is no more than 10 kg U m–3. 
The content of uranium in outlet solutions ("tails") for 
further effective implementation of the in-situ leaching 
process at the enterprise is regulated at the level of 1 mg L–1. 
For the Purolite A660/4759, the dynamic capacity is 4– 
5 kg U m–3 at uranium concentration in “tails” of 1 mg L–1. 
According to the results of the research, the full 
saturation time of the ion exchanger VPAE is about  
330 h and wherein its capacity is 36 kg U m–3. The value 
of sorption capacity at uranium content in “tails” of  
1 mg L–1 is 26 kg U m–3. 
At present, in Russian uranium industry 
enterprises, the capacity value of the used anion 
exchangers at full saturation during the sorption 
processing of productive solutions (without excess Cl–) 
is 35–40 kg U m–3 [10]. Consequently, the use of VPAE 
anion exchanger will make it possible to extract uranium 
from productive solutions with an increased content of 
chloride ions without reducing the productivity of the 
sorption plant. 
Saturated Resins Regeneration 
Regeneration in static mode 
To determine the reagent scheme for the 
regeneration of saturated anion exchangers, a series of 
experiments were carried out. The Purolite A660/4759 
and VPAE resins were used in the work. The process of 
uranium elution from saturated anion exchangers under 
static conditions was carried out using three different 
eluents: solutions of sodium chloride (0.5–6 M), 
solutions of the ammonium carbonate/bicarbonate (50–
180 g L–1), as well as nitrate-sulfate solutions (20–80 g L–1 
NO3– + 0.1–0.25 mol L–1 H2SO4) [21-24]. 
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Fig 2. The effect of the sodium chloride content in the 
eluent solution on the degree of uranium recovery from 
the saturated ion exchanger 
 
Fig 3. The effect of the of the ammonium 
carbonate/bicarbonate content in the eluent solution on 
the degree of uranium recovery from the saturated ion 
exchanger 
 
Fig 4. The effect of the eluent solution composition on the uranium recovery from the saturated ion exchange phase 
Purolite A660/4759 (a) and VPAE (b): 1 - nitrate solution with 0.25 mol L–1 H2SO4; 2 - nitrate solution with 0.1 mol L–1 
H2SO4 
 
According to the research results, when the chloride 
elution scheme is implemented, the uranium recovery 
from the saturated anion exchanger phase increases with 
growth NaCl concentration in the solution in the range 
0.5–2 M (Fig. 2). With a NaCl content in the desorption 
solution of 2 M, the uranium recovery degree for Purolite 
A660/4759 and VPAE anion exchangers is 57 and 48%, 
respectively. Further growth of the NaCl content in the 
solution adversely affects the degree of uranium recovery. 
This is due to the formation of a neutral complex of 
UO2Cl2 and an anionic complex of UO2Cl3–, which are 
extracted by anion exchangers [19]. 
An analogous character of the dependence of the 
uranium recovery degree on the reagent concentration 
was obtained when using solutions of the ammonium 
carbonate/bicarbonate. An increase in the uranium 
recovery from the saturated anion exchanger phase is 
observed in the concentration range of ACBM 50– 
160 g L–1, a further increase in the content of ACBM leads 
to a decrease in the efficiency of the process (Fig. 3). During  
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Table 3. The effect of the composition of the eluent solution on the uranium recovery rate (%) 
Anion Exchanger 
The composition of the eluent solution 
2 M NaCl 100-140 g L–1 ACBM 65 g L–1 NH4NO3 + 0.25 mol L–1 H2SO4  
Purolite A660/4759 63.4 71.2 97.1 
VPAE 55.7 36.7 76.6 
 
desorption, uranium passes into the solution mainly in 
the form of anionic forms [UO2(CO3)2]2– and 
[UO2(CO3)3]4–. As the carbonate ion content and pH 
increase, the stability of anionic carbonate complexes of 
uranium increases, in addition, the equilibrium shifts 
toward the formation of [UO2(CO3)3]4– [21]. The high 
strength and high charge of the carbonate complex anion 
of uranium contribute to its sorption by the anion 
exchanger, which leads to a decrease in the degree of the 
metal recovery from the saturated resin phase. The 
maximum value of the uranium desorption degree is 63 
and 34% for Purolite A660/4759 and VPAE anion 
exchangers, respectively and it is observed when 
regenerating with solutions containing 140 g L–1 
ammonium carbonate/bicarbonate. 
According to the results of the research, the use of 
nitrate-sulfate solutions at the stage of uranium elution is 
most effective. When the saturated anion exchangers 
Purolite A660/4759 and VPAE are regenerated, the 
uranium recovery degree increases with growth nitrate 
and sulfuric acid content in the solution (Fig. 4). In the 
case of VPAE anionite, the effect of the concentration of 
sulfuric acid on the uranium recovery is enhanced at a 
NO3– concentration in a solution of more than 40 g L–1. 
The maximum recovery for Purolite A660/4759 and 
VPAE anion exchangers is 70 and 79%, respectively. 
Regeneration in dynamic mode 
According to the results of an experiment in the 
static mode, three eluents were chosen for the dynamic 
elution process: a sodium chloride solution (2 M), a 
solution of an ammonium carbonate/bicarbonate (100–
140 g L–1), and a nitrate-sulfate solution (65 g L–1 NO3– + 
0.25 mol L–1 H2SO4). The results of the experiments are 
presented in Table 3. 
According to the results of the research, the use of 
nitrate-sulfate solutions at the elution stage ensures 
maximum uranium recovery degree from the saturated 
anion exchanger phase, and its values equal 97.1 and 
76.6% for Purolite A660/4759 and VPAE respectively. 
When using sodium chloride and ammonium 
carbonate/bicarbonate solutions for regeneration, 
uranium recovery degree is lower by more than 20%. 
Thus, the application of the nitrate-sulfate scheme of 
uranium recovery in the regeneration stage of saturated 
anion exchangers is most effective. 
■ CONCLUSION 
According to the results of the experiment of 
uranium sorption from productive solutions with a 
chloride ion content of 0.25 M in static mode, the value 
of sorption capacity increases in the following order of 
ion exchangers: Tulsion A-233U - Lewatit K6367 – AMP 
- Purolite A660/4759 - VPAE. The value of VPAE 
sorption capacity in static mode is about 13 kg U m–3. 
The total capacity of the VPAE anion exchanger at 
sorption from productive solutions with a high content 
of chloride ions (0.25 M Cl–) is 36 kg U m–3. This allows 
the use of VPAE resin to recover uranium from 
productive solutions with increased chloride ion content 
without reducing the productivity of the sorption plant. 
The use of nitrate-sulfate solutions at the regeneration 
stage ensures the maximum recovery of uranium from 
the saturated anion exchanger phase. When using 
solutions of sodium chloride and ammonium 
carbonate/bicarbonate, the uranium recovery degree is 
much lower. For the VPAE resin, the uranium 
desorption degree for the nitrate-sulfate reagent scheme 
is 76.6%. Thus, a technological scheme for the 
processing of uranium productive solutions with an 
increased content of chloride ions includes the following 
main stages: 1. Sorption of uranium from productive 
solutions with the use of VPAE anion exchange resin; 2. 
Uranium recovery from the saturated VPAE phase using 
nitrate-sulfate solutions (65 g L–1 NH4NO3 + 0.25 mol L–1 
H2SO4) as eluent. 
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Precipitation of uranium concentrates from the 
pregnant solutions obtained after resin regeneration is 
supposed to be carried out using solutions of ammonia 
and ammonium carbonate/bicarbonate. This method can 
ensure the production of high purity yellow cake that 
meets the requirements of ASTM C967-13 [25]. 
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